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ABSTRACT
The following molecules were prepared: E- and Z-
2-buten-2-yl triflate and E- and Z-2-buten-2-yl-3d triflate. 
Product studies were run at 6 5°C in the following solvents:
97 wt. % TFE-W, 80 vol. % E-W, 70 vol. % E-W and 60 vol. % E-W. A decrease 
in the percentage of ketone product and an increase in the 
percentage of elimination product is observed in changing from 
ethanol solvents to the trifluoroethanol solvent. The Z 
isomer has a smaller product change in going from the ethanol 
solvents to the 97 wt. % trifluoroethanol solvent than the E 
isomer. This is despite the fact that substrates with trans 
8 hydrogens have been observed to be more sensitive to changes 
in solvent nucleophilicity than those with trans B alkyl 
groups. Elimination is favored in the Z isomer, indicating 
that the electron deficient orbital interacts more strongly 
with the trans 8 substituent. Deuterated isomers show sig­
nificantly less elimination than the non-deuterated isomers, 
indicating an attractive interaction between the cis substi­
tuent and the incoming nucleophile. The data presented in this 
project is consistent with the presence of an ion pair mechanism.
v
A vinyl cation, a member of the disubstituted carbenium ion 
family, can be described as a reactive intermediate in which 
one carbon atom is simultaneously electron deficient and part 
of a * unsaturated system. The electron deficient carbon is 
bonded to two substituents as in 1.
R
R * 1 
xc=c-r R-f*
Ry  R
I 2
Until the 1960's only trisubstituted carbenium ions, 2, 
had been generally considered as appropriate electron deficient 
carbon intermediates and little investigative work had been 
done into the nature of vinyl cations. This void was largely 
due to the perception that vinyl cations were relatively un­
stable and difficult to generate by solvolysis. In 1944,
Jacobs and Searles first suggested a vinyl cation interme­
diate in the formation of alkyl acetate from the acid catalyzed 
hydration of alkoxyacetylenes.  ^ By the 1960's detailed in­
vestigations of acid catalyzed hydrations of alkynyl and thio 
2
ethers and arylacetylenes gave evidence to the proposed vinyl
3
cation intermediate. Work was also done to show the solvo- 
lytic generation of vinyl cations by Hanack and coworkers in
4
homopropargyl and homoallenyl systems and by Betrand and
5
Santelli m  homoallenyl systems. In 1964 Grob and Cseh 
demonstrated the direct solvolytic generation of aryl substi- 
tuted vinyl cations. Mechanistic studies of vinylic substi­
tutions in aryl substituted vinyl cations by Rappoport and
coworkers and in B substituted systems by Modena and coworkers
have added further contributions to the study of vinyl cation 
7
chemistry. A major development reported by Hanack was the
introduction of fluorosulfonate "super" leaving groups including
trifluoromethenesulfonates and nonafluorobutenesulfonates.
6 8Because these super leaving groups react some 10 to 10 times
faster than chlorides and bromides, the direct generation of
simple alkylvinyl cations and strained cyclic vinyl cations
was made possible by the late 1960's.
Theoretical calculations have demonstrated that vinyl
cations are not especially unstable relative to trisubstituted
carbenium ions. Using gas-phase thermodynamic data for cations
and hydrocarbons, it can be calculated that the 2-butenyl cation
is 19 Kcal/mole more stable than the ethyl cation, 13 Kcal/
mole more stable than the propyl cation and comparable in sta-
8bility to the isopropyl cation . It is of note that alkyl 
vinyl halides were found unable to precipitate silver halides 
with simultaneous formation of a vinyl cation intermediate.
This result is not due to an alleged high energy vinyl cation 
intermediate but can be understood from several observations.
The ability of the carbon halogen bond to exhibit partial 
double character as well as the increased o character of this
bond resulting from a change in hybridization of the carbon
3 2from sp in alkyl halides to sp in vinyl halides accounts
for the strong carbon halogen bond and hence the stability of
q
vinyl halides themselves. Also, carbon-halogen bonds are
2
\ - / R V  /R
/ c _ c \ / *  +Cx x
shorter in vinyl halides than in alkyl halides. The carbon-
O
bromide bond in vinyl bromides is 1.86 A while the bond in
o o
methyl bromide is 1.91 A and in vinyl chloride is 1.69 A while
o io
the bond in methyl chloride is 1.76 A. It was the intro­
duction of "super" leaving groups, with increased reativities 
6 8of 10 to 10 times faster than the halogens which made pos­
sible the SN 1 type reactions often observed in the direct 
solvolytic generation of vinyl cation intermediates.^^
Schleyer and coworkers have studied a- and $- substi-
12tuted vinyl cations. The effectiveness of a- substituents 
in stabilizing the cation were based upon an isodesmic hydride 
transfer reaction given below:
H \  +
)c=c-r + H2C=CHCH3 — - H2C=C— CH3 + H2C=CHR 
H
An a methyl substituent (R=CH^) causes an increase of 26 Kcal/ 
mole over the H compound. A 6-substituted methyl affords only 
an 11 Kcal/mole increase in stability as would be expected 
since electron donating ability has been shown to decrease ra­
pidly with an increase in the number of intervening bonds.
3
The direct solvolytic generation of vinyl cations fa­
vors, in many cases, a unimolecular, SN 1 type, process. It 
has been shown that vinyl cation generation is facilitated 
by "super” leaving groups such as the sulfonates and that 
the intermediate is stabilized by electron donating a 
and B substituents. An S..1 vinyl cation mechanism is shown 
in Figure 1.
R. Ri D »r 2
^ C = C -R 3 — ^  R ,-C = C X — -  products
r 2 Nx r 2 x R3
- H+ /  \  Y
(R.,R,= H)kl ’ 2
R. R, R. Y
\  / 3 *\ /
R —c = c — r 3 c = c  +  c = c
1 ° / \ /  \
R2 Y R2 R;
The reaction should exhibit first order kinetics. The 
rate is dependent on the rate of cation formation and inde­
pendent of solvent pH and concentration of added base. The 
rate is also dependent on the solvent ionizing power. The
Winstein-Grunwald m value, a measure of the solvent ionizing
13power, should be between 0.5 and 1.0 for S^l mechanisms. 
Summerville and coworkers report m values of 0.52 for z-2
14buten-2-yl triflate and 0.57 for E-2 buten-2-yl triflate.
For z-2 buten-2-yl triflate, which has a trans hydrogen 
to the leaving group, an E-2 elimination can occur according 
to the following process:
This product is identical to an E-l elimination project 
obtained from the intermediate in Figure 1 if R 2  is a 3 hy­
drogen. If a concerted elimination occurs we expect a signi­
ficant increase in rate with added base and a large primary 
deuterium isotope effect. Stang and coworkers report that 
such an elimination is unlikely but that elimination from an 
ion pair may be possible h e r e . ^  Also, in the conditions 
established for this project we have introduced a buffer or 
"proton sponge" basic enough to pick up protons but not basic 
enough to cause an E-2 bimolecular elimination.
An Sn 2 process, giving inversion of configuration, has 
not been observed.
Y~ +
R, X
R
\ /  
C 
I
A
1
R.
Y--C--X
II
/ C \
R, R2
C
II
A
R R,
Extended Huckel calculations confirm this observation. 
b and B substituents obstruct the backside addition of 
nucleophile on the a carbon.
Addition-Elimination pathways are also potential processes 
leading to a vinyl cation intermediate. The electrophilic •
addition-elimination pathway is unlikely in the 2-butenyl 
system under the reaction conditions maintained in this pro­
ject, since it requires electrophilic attack of a proton from 
the solvent. Addition of a proton sponge limits free proton 
concentration and makes an electrophilic addition unlikely.
A nucleophilic addition-elimination pathway is also possible. 
This reaction mechanism is facilitated by electron attracting 
groups in the 3 position and leads to retention of configura-
R, R 3 
Nc=c '
R
R. Y R
Y
\ - i
c - c - r 3
R
R
Y R, R3
/ = Cs +  Y C = C s 
R, R„ Y
However, this pathway requires particularly strong nucleophiles 
such as thiophenoxide. In the conditions studied for this pro­
ject, no such nucleophile exists.
The SN 1 mechanism has been shown to afford alkyne and E 
and Z isomers as shown in Figure 1. From the intermediate 
cation I we can also expect nucleophilic attack from either 
ethanol or water, giving ether or ketone respectively as shown 
below.
6
♦ /
R,-C=C 3 \
R,
R
R, = H
r 3 r ,
N c = c /
/  s  
EtO ' R,
0  R,
II /
+  H
R.-C-CH
\
R,
Solvent "m" values are given in Table 1 as well as values 
°f KRO*/KA c OH and k r o h /k t f e *
Compound m
TABLE 1
KROH/KA c OH 
(Y= -1.64)
k r o h ^k t f e
(Y= .93)
0.70
0.71
0.71
0.76
0.85
0.41
0.32
0.40
0.15
0.12
7.5 
15.9
2.3
2.5
30
11.9
15.9 
3.0 
2.2
I. CH0=C
OTF
\
2.
R
OTF
CH2=C
\
R'
FLC
3.
OTF
H
4.
H3C
Nc = c /
S '  \
OTF
R
5. (CH3)2C=C
/ OTF
\
R
R 
OTF
6.
\ s
/ C = C X
H CH
H OTF
7
R  NC H 3
An Br
8. C=C 
/  \
H An
R = CH, , R = C.H4' '9
7
The solvent m (sensitivity of the species to solvent io­
nizing power) and 1 (sensitivity of the species to solvent 
nucleophilicity) values for each of the compounds in Table 1 
are between that of 2-propyl tosylate (0.35, 0.61) which re­
acts with solvent assistance and 2-adamantyl tosylate (0.0,1.0)
which is blocked for backside attack and solvolyzes with a
19limiting S..1 mechanism. Stang, Schleyer and coworkers havei
shown that the aqueous ethanol m-values of 1, 2, and 3 are
0.52, 0.48, and 0.52 and are near that of 2-propyl tosylate
20(0.46) which reacts with considerable solvent assistance.
The relative rates in solvents of differing nucleophilicity 
but similar ionizing power and the 1 values also suggest that 
the reaction of 1, 2, and 3 substrates with a trans B hydro­
gen depend on solvent nucleophilicity. The'1!" values indicate 
that these substrates are about as responsitre to nucleophili­
city as 2-propyl tosylate. In fact, each of the substrates 
(1-5) values indicate at least some solvent assistance. Stang, 
Schleyer and coworkers have also demonstrated that an E-2 
elimination mechanism with solvent acting as base is not op­
erative. The effect of added hydroxyl ion on 4 with R=CH^ 
and R=iC^H^ and on cyclohexyltriflate (which cannot eliminate 
due to strain) was to bring the difference in rates from 10^ 
in the absence of hydroxyl base to within a factor of four, 
suggesting an S-0 cleavage in the presence of hydroxyl base 
and ruling out an E-2 elimination.
r 2 o s o2cf3 
t
-OH
\
0 ihiS02CFj
-  hoso2cf3
. S 'OH
8
R, = CH3 , R2=H
Also, if the Z isomer of 2-buten-2-yl triflate proceeds with
an E-2 elimination, significant acceleration by the hydroxyl
ion will be observed. In fact, the rate of elimination is
doubled in the presence of base. For dianisyl vinyl bromide
8 an increase of 780 was observed in 0.5 N sodium hydroxide
in 80% ethanol. Stang, Schleyer and coworkers have concluded
that the acceleration of 3 in the presence of sodium hydroxide
is far too small to indicate a concerted E-2 elimination but
21
may be consistent with the formation of an ion pair.
Stang and coworkers have also investigated the effects 
of alkyl substituents on the solvolysis of vinyl triflates 
in 50% ethanol at 75° as shown in Table 2.
TABLE 2
Compound R=CH^ R=C^H^ R=i-C H^_^
1 1 2.49 (n C4H 9) 2.51
3 1 1.3 2.46
4 1 5.59 44.50
5 1 7.58 83.30
6 1 0.97 2.17
7 1 2.97 7.71
The Taft values for 4, 5, and 7 are -5.6, -4.7, and
-4.2 where p * is negative for reactions favoring electron
22releasing groups. The p* for simple aliphatic secondary
systems is -1.6 in 50% ethanol at 75° and for saturated ter-
23tiary chlorides in 80% ethanol is -3.3. As is expected 
from theoretical calculations for vinyl cations, the average 
P * of -4.8 for 4, 5, and 7 is larger than for secondary and 
tertiary carbenium ions, indicating their greater need for
9
24stabilization from alkyl substituents. The stabilizing 
effect of substituents trans to the leaving group is evident 
by the large p* (-5.6) in compound 4, E-2-butenyl-2-yl trif­
late. Stang and coworkers report that this effect is almost 
as large as those at the a-carbon despite the extra bond be­
tween the substituent and the reaction center. This demand 
on the trans position is also reflected in the magnitude of 
the isotope effect.
An investigation of the solvolytic displacement at a 
chiral carbon cannot be undertaken in vinyl systems due to 
the planarity of trigonal carbons. However, an understanding 
of the relationship of the nucleophile and the leaving group 
with the $ substituents on the double bond may be useful in
studying the stereochemistry of solvolysis of vinyl systems.
25Stang and Hanack have summarized three extreme pathways, 
analogous to displacement at a chiral center, for the solvo­
lysis of vinyl systems.
10
Figure 2
Path 1, which will yield inversion or Inverted Stereo­
chemistry, results from a backside displacement of the 
leaving group by the incoming nucleophile analogous to an 
Sn 2 displacement. Path 2, which yields retained stereochem­
istry, involves the formation of configurationally stable 
bent (trigonal) vinyl cations. R 2  could also participate in 
a bridged ion giving retained stereochemistry. Path. 3, yiel­
ding retained stereochemistry, results from the formation of 
a free linear vinyl cation, or by a rapidly equilibrating 
pair of bent vinyl cations.
Rappoport and coworkers have shown that 2-arylvinyl
systems solvolyze via Path 3, resulting in complete stereo-.
26chemical randomization. Bergman and co-workers report that
E-9 and Z-9 solvolyze with the same product distribution, in-
27dicating complete stereochemical randomization.
h c
H
c=c
/
H
E-9 Z-9
11
Later work by Bergman and coworkers has revealed that
inversion also takes place in these cyclopropyl-stabilized
systems as well as in the E and Z isomers of the dicyclopropyl
2 8vinyl iodides. Summerville and Schleyer have shown that the 
2-buten-2-yl cation captures solvent to give Z:E product ra­
tios of 3.3 : 1 at 75.3°, 4.2 : 1 at 49.8° and 5.1 : 1 at 35°.29
Figure 3
c h 2= c = c^
h
CH.— C=C— CH
CH.
H.C.
H
>
H
SC=C-CH-
/
3
CF,COOH
0
II
OCCR OCCR
CHH,CCH
12
Because the 3 substituents are different, the two sides
of the intermediate cation (10) are nonequivalent. This is
the case even if the symmetry deviations (C=C-R^ = 180°)
from linearity are insignificant due to the 3 substituents.
Because of this the Z/E product ratio is not necessarily an
indication of the degree of bending in the cation but reflects
the difference in transition-state free energies for the reac-
30tions leading to each isomeric product. The trifluoroace-
tolysis of 10 to form the corresponding ester was found to
favor the Z product over the E ester. Stang and coworkers
point out that on steric grounds the E product is expected
to predominate since solvent attack cis to the hydrogen rather
than cis to the larger methyl appears to be favored. For the
cyclopropylpropenyl vinyl cation it has been argued that the
vacant orbital in the bent cation interacts more strongly
with the 3 -trans than with the 3 -cis groups and that a
methyl group stabilized the cation more strongly than does 
31hydrogen. It has been found that a predominant cis attack
32occurs on this cyclopropylpropenyl cation. Therefore it is 
interesting that in the 2-butenyl cation the predominant iso­
mer is the Z with alkyl groups occupying the trans position.
Stang and coworkers postulate that an electronic transition
33state effect is involved. Perhaps the 3 -trans methyl effect 
observed in the cyclopropylpropenyl system is not interacting 
with the electron deficiency on the side opposite the 2-methyl 
group in the 2-butenyl cation as seen below.
If this is the case, then the electron rich nucleophile 
would prefer attack on the same siicte as the methyl. It is also 
possible that the positive polarization of the methyl group, 
rendered electron deficient by hyperconjugation, provides an 
attractive interation with the incoming nucleophile. In or­
der to postulate if the 2-buten-2-yl cation undergoes an addi­
tion-elimination or ionization process, Summerville and Schleyer
compared the behavior of 2-buten-2-yl triflate to that of 2- 
34butyne. 2-Butyne has a large negative entropy of activation 
( A S= -37 Kcal/mole) and a kinetic solvent isotope effect of 
2.4 3 for its reaction in trifluoroacetic acid. The values are 
consistent with a bimolecular addition reaction involving rate 
determining proton transfer. Conversely, Z- and E-2-buten-2-yl 
triflate have entropies of activation near zero (-5.1 Kcal/mole 
and -0.5 Kcal/mole respectively) and kinetic solvent isotope 
effects near unity (0.92 and 1.09 respectively). These results 
are consistent with an ionization rather than addition process.
Trifluoroacetolysis of and E- 2-buten-2-yl triflate
gave greater than 90% 2-butyne and trifluoroacetates with Z:E 
ratios of 4.4 and 8.0 respectively. Stang and coworkers state 
that the direction of the difference means that part of each 
reaction proceeds with inversion. The difference in solvolysis 
products ratios is attributed to an ion pair mechanism (see 
Figure 2) and assuming that the fraction of inversion product 
is the same for each substrate isomer, there is 7.4% net inver­
sion at 75°C from each starting isomer. However, inversion 
could occur with only one of the isomers, the other giving only a
14
"free" cation. Although there is no basis to decide whether
the fraction of inversion is the same in each isomer, two
35conclusions can be drawn. First, seemingly large differences
in Z/E product ratios are consistent with relatively small
amounts of inversion, particularly if each triflate gives
product with an equal fraction of inversion. Second, unless
E-2-buten-2-yl triflate reacts with much more inversion than
Z-2-buten-2-yl triflate, the Z/E ratio for triflate solvolysis
is significantly larger than the ratio of 3.3 observed for
addition reactions.
Acetolysis products of vinyl triflates were found with a
larger fraction of inversion than trifluoroacetolysis products.
The Z:E product ratios in trifluoroacetic acid for Z-2-buten-
2-yl triflate (4.4) and E-2-buten-2-yl triflate (8.0) do not
show as large a difference as the corresponding values of 0.72
and 16.8 in acetic acid. In terms of solvent effects, this is
consistent with expectations based on the lower nucleophilicity
3 6and higher ionizing power of the trifluorinated solvents.
It has been shown that nucleophilicity effects are larger 
with substrates with trans-8 - hydrogens than with trans-8 - 
alkyl groups. Stang and coworkers maintain that because sub­
stitution occurs with only partial inversion and there is no 
evidence of an S^2 process, the nucleophilic sensitivity of 
vinylic substrates may be due to an ion pair but the specific 
solvation appears to occur at the 8 -hydrogen or at other
sites not directly at the rear of the carbon bearing the lea- 
37
v m g  group.
15
The partial inversion resulting from the solvolysis of 
simple vinyl systems complicates the mechanistic picture sug­
gested previously as either free vinyl cations or a direct SN2 
displacement by nucleophile. An S^l process is indicated for 
these systems as the amount of inversion necessary to explain 
the observed product ratios is more in agreement with those 
found in tertiary and not in secondary systems, according to 
Summerville and Schleyer's findings. As indicated, an ion pair 
mechanism best explains the observed product ratios.
Excluding internal return and elimination pathways, Stang, 
Schleyer and coworkers presented the following vinylic mechanism, 
analogous to displacements at the saturated tetrahedral carbon 
centers.
16
Figure 4
K,(E)
H
\
hUC
P = c- c h 3
V
otf=oso2cf3
Vinyl cations Z-II and E-II are produced from solvolysis
of Z-I and E-III. These ion pairs are protected from solvent
attack on the side of the departing leaving group. Solvent
capture from the backside yields the inverted products VI and
VII. Competition is shown between solvent capture of ion
pairs and the free vinyl cation V, leading to the net inverted
products VI and VII. Since the product ratio of VI to VII is
not the same from both Z-I and E-III, the formation of free
cation V cannot be the only pathway. Because the extent of
inversion in diastereomeric ion pairs Ks (Z)/K2 (E) vs.
K s (E)/K2 (E) is not necessarily equal, the ratio of products
from V cannot be determined from product data even when inver-
38sion is only partial.
Product studies on the 2-butenyl system provide some 
information. Z-2-buten-2-yl triflate tends to form more ke­
tone product as the fraction of water is increased in aqueous 
alcohol mixtures. The Z isomer, H and OTf trans, gives 
greater than 90% elimination with the product composition of 
the E-isomer approaching that of the Z-isomer as the solvent 
ionizing power increases or solvent nucleophilicity decreases. 
Interestingly, the Z-isomer, which is more sensitive to solvent 
nucleophilicity, shows a smaller product change in going from 
50% ethanol to 97% trifluoroethanol.
In the 2-buten-2-yl system the 0 deuterium can be placed 
0 to the leaving group on the adjacent saturated carbon as 
in (a) or on the neighboring unsaturated carbon as in (b)
17
(D)H X
/
(D)H-C-C=CS
(D)H
(a)
(D)H xX 
/C = C \
(D)H
(b)
In the case of (b), the deuterium can be placed cis or
trans to the leaving group, providing valuable stereochemical
information. Table 3 provides results of kinetic deuterium
39isotope effects m  several representative compounds.
TABLE 3
Substrates Solvent (Temp °C) KH/K
I. (CH3)2C = C(OTf)C3 60% EtOH (75°) 1.54
II. (CD3)2C = C(OTf)CH3 " (25°) °*86
0 OTF
^ c = c /III. /  \ (75°) 1.25
H,C
3
H3C OTF
p
C—C
IV. / \ (75°) 2.01
D ChU
18
Simple alkylvinyl systems can be compared to analogous 
saturated systems and can be expected to have a higher $ 
deuterium isotope effect per deuterium due to an increased 
need for stabilization by hyperconjugation. For example, iso­
propyl tosylate has a k„/k_ of 2.12 at 25°C in trifluoroaceticn JJ
acid, corresponding to an average reduction in free energy of
+ 40activation per deuterium ( AA G+) of 75 cal/mole per deuterium.
For E-2-buten-2-yl triflate, the AAGt is 154 cal/mole per 
deuterium reflecting the need for greater stabilization by 
hyperconjugation of vinyl cations. Shiner and coworkers and 
others have shown that the $ deuterium isotope effect is depen­
dent on the dihedral angle between the isotopically substituted 
C-H bond and the developing empty p orbital of the carbenium
ion and is maximal at the dihedral angle of 0° while becoming
41inverse with an angle of 90°. This is observed m  2-buten-
2-yl-3d triflate (3) with a AAGt of 154 cal/mole per deuterium
( $ isotope on double bond) as in (b); this is 54% greater than
for 1 AAGt = 100 cal/mole per deuterium (3 isotope on adjacent
saturated carbon) as in (a). For the 2-buten-2-yl cation, the
hydrogen on the double bond is held in the same plane as the
empty p orbital while the cation from 1 has free rotation about
the CD^”C+ bond. Hence, for 1, the average dihedral angle is
30° with the p orbital resulting in less hyperconjugative over-
42lap and a lower isotope effect.
The isotope effect for the Z-2-buten-2-yl-3d cation
(K-./K- of 2.01) is four times as large as that of the E isomer H D
(K„/K_ = 1.25) and may be attributed to an E-2 elimination from H D
the geometrically favored Z isomer.
19
Stang and Schleyer have shown that a concerted elimination
43probably does not take place. However, Maness and Turrentine 
have shown an analogous spread in cis and trans isotope effects 
in the 1-cyclohexenyl triflates, which do not eliminate.
H OTF
Nc=c
\\ NPh
H OTF
xc=c 
o '  ^Ph
D OTF
\ = C  
H Ph
D OTF
Sc = c ^
o' ^Ph
8
The rate of solvolysis of (5) at 53°C is 1.57 times faster 
than (6) and 1.10 times faster than (7). This suggests that 
the transition state for the cation is bent, with the elec­
tron deficient orbital interacting with the trans substituent. 
The hyperconjugative stabilization of the $ substituent on
the cationic center is also observed in the 1-cyclohexenyl
45triflates (7). Compound (8) has a lower isotope effect 
( AA Gt = 128 cal/mole per deuterium) than the 2-buten Z isomer
20
( A Act = 483 cal/mole per deuterium) and the E isomer
AA G = 154 cal/mole per deuterium. This lower isotope effect 
can be understood from the stabilization of the electron defi­
cient vinyl cation by the adjacent phenyl ring. There is less 
need for hyperconjugative stabilization of the cationic center 
by the 8 substituents in the phenyl substituted vinyl cations 
than in the 2-butenyl cations.
Winstein has presented considerable evidence for a mech­
anism for solvolytic substitution reactions involving a se-
46quence of ion pairs. The intermediates are a tight ion 
pair, a solvent separated ion pair, and free ions as indicated 
in Figure 5.
RX R
+
II X
K
Sn2 and/or E-2
products
SNI and/or E-1 
products
SNI and/or E- 
products
R++ X
k ts/  \ k 7E
SNI and/or E-l
products
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Shiner and coworkers have shown that on the solvolysis
of cyclopentyl brosylate in 70-100 vol % ethanol - water (E-W)
solvents substitution (cyclopentanol and cyclopentylethyl
ether) and elimination (cyclopentene) are competing from the
47tight ion pair with as the rate determining process. In 
support of this conclusion, Shiner found that the decrease in 
the g-isotope effect in the $ -d^ derivative is mirrored by 
a decrease in elimination fraction as the solvent changes from 
80 to 100 vol % E-W. This is consistent with the elimination 
product forming step from the tight ion pair (K^E) being rate 
determining. For the substitution products Shiner argues 
that if they were derived from the solvent separated ion pair 
it would be expected that a decrease in the solvent ionizing 
power would decrease the relative amount of substitution pro­
duct since the competitive elimination occurs earlier in the 
reaction at the tight ion pair stage. Product studies show, 
however, that increasing basicity and decreasing polarity from 
80 to 100 vol % ethanol-water favors substitution versus elim­
ination. These results indicate that substitution and elimin­
ation are competing processes from the same tight ion pair 
intermediate.
An absence of special salt effects and common ion rate 
depression excludes k_2 and k__3 from scheme 1 as being impor­
tant. Also, the a and $ isotope effects and the stereochemis­
try of substitution and elimination products indicate an ab­
sence of K2 and processes. In the ethanol-water solvents 
the isotope effect is higher in the trans- 3 -d than it is in
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the cis-B - d monodeuterated compounds. It was shown that the
trans- B -d effect increases as the solvent is changed from 100%
to 80% ethanol-water while the cis- B-d effect remains nearly
constant. Isotope effects also demonstrate that elimination
is mostly trans in the ethanol-water mixtures. For example,
the ratio of the isotope effects in the two competing product
forming steps rCT;,/rc_ is 1.05 for cis-B - d and 1.17 for trans­it t bo
B-d indicating that mainly trans hydrogens (or deuteriums) are 
eliminated. Shiner suggests that this behavior is expected 
for the elimination product from the tight ion pair where the 
leaving group is held near the developing carbonium ion and 
thus hinders solvent attack from the cis side.
For cyclopentyl brosylate in the triflouroethanol-water 
(TFE-W) solvents the a- secondary isotope effect of 1.23 cor­
responds to a maximum value for the solvolysis of sulfonate
48 . .esters (1.22). This indicates that k ^ ls rate determining
from the solvent separated ion pair by k^ processes. The change 
in the B secondary isotope effect for the 8 -d^ derivative (2.15 
to 2.40) is small in changing from 70 to 97.5 wt. % TFE-W com­
pared to the change in elimination products (from 42 to 76 mol 
% respectively). This shows that elimination is not a rate 
determining process and must occur after "k.2 . The r 5 E/r 5 g 
TFE-W is 1.22 for the cis- B - d  and 1.29 for the trans-B -d 
indicating the equivalence of cis and trans B hydrogens in the 
elimination process and that the leaving group is not in the 
vicinity of the carbonium ion.
23
In the ethanol-water solvents the alcohol products are 
formed with complete inversion of configuration. This is in 
agreement with the product formation occuring from the tight 
ion pair where the leaving group is in close proximity with 
the substrate and hinders nucleophilic attack from the front 
side. Complete inversion of the alcohol product relative to 
the starting material is also seen in the TFE-W mixtures. 
However, less stereoselectivity is expected in the product for­
mation from the solvent separated ion pair than from the tight 
ion pair. Shiner suggests that only trifluoroethanol molecules 
separate the two counterions, allowing only backside attack by 
water molecules. This strong preference for backside attack 
may, as Shiner suggests, indicate that the TFE molecules on the 
front side are 'oriented with their OH ends, the sulfonate group 
and the negative CF^ end near the positive carbonium ion center.
In a more detailed study of olefin formation from the cy-
clopentyl brosylate system, Shiner and coworkers found that in
the ethanol-water solvents anti elimination is favored over syn
49by a factor of only 1.37. This is consistent with a non-ste- 
reospecific E-l elimination proceeding from the tight ion pairs. 
Shiner argures that nucleophilic attack on the tight ion pair 
proceeds with stereospecific inversion of configuration while 
proton elimination is not non-stereospecific; the leaving group 
can shield the front side of the reacting carbon but cannot 
effectively shield the two front side 8 hydrogens. Because 
of the a-d isotope effect of 1_. 15 in- ethanol accompanied by only 
12% elimination it cannot be argued that substitution occurs
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via direct nucleophilic attack on the reactant (SN2) while 
elimination occurs at the tight ion pair. No SN2 reactions 
are known which show isotope effects larger than about 1.07.
Solvolysis in TFE-W mixtures show than syn elimination 
is favored over anti by a factor of 4. Shiner suggests that 
elimination by the non-basic solvent is sufficiently slow so 
that it is dominated at the tight ion pair stage by internal 
elimination of the g hydrogen by the leaving group, which may 
play the role of base. This raises the possibility that inter­
nal elimination in the tight ion pair competes with rate de­
termining formation of the solvent separated ion pair.
In the less nucleophilic 97.5% TFE-W the a deuterium iso-
50tope effect is 1.24 indicating that k2 is rate determining.
The g-d isotope effects indicate the involvement of rate deter­
mining syn elimination. The cis-g -d rate effect (1.25) is 
larger than the trans effect (1.19) and the square of the pro­
ducts of these two values (2.21) is less than the observed $-d^ 
rate effect (2.40). These results, added to the fact that syn 
elimination dominates anti elimination by a factor of 4, point 
to the rate determining elimination of hydrogen (or deuterium) 
by the leaving group in the reversibly formed tight ion pair.
The a-d effect is not reduced by rate determining elimination 
because this does not involve the attachment of a new nucleo­
phile at the a carbon. The cr-d isotope effect of 1.24 indicates 
that substitution must take place on the solvent separated ion 
pair after irreversible formation of the tight ion pair. If 
substitution were to occur at the tight ion pair it would lower 
the a-d effect from 1.24 for K2 rate determining toward 1.15
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for rate determining nucleophilic attack on the tight ion pair 
Shiner also studied the solvolysis of cyclopentyl brosylate 
in 90 wt. % 1,1,1,3,3,3-hexafluoro-2-propanol-water (HFIP-W), 
which is even less nucleophilic than TFE, to establish the occur­
ence of rate determining syn elimination by the leaving group
51at the tight ion pair. The a-d isotope effect is 1.24, equal­
ing that observed in the TFE solvents and characteristic of 
either or being the rate determining but not consistent
with or k ^  being in any significant way rate determin­
ing. The trans g-d effect of 1.22 is close to those found in 
TFE-W solvent mixtures where k£ is rate determining or where 
k^E is rate determining and trans elimination does not contri­
bute significantly to the rate determining step. The cis-3 -d 
effect of 1.35 is much larger, however, indicating that elimina­
tion of the proton (or deuteron) contributes to the rate deter­
mining step. This is also consistent with the 3 -d^ effect of 
2.86 which exceeds the square of the cis- g-d and trans- 3-d 
effects (2.73). The g-d^ effect is larger and the non-cumulative 
character is more pronounced in 97 HFIP-W solvent as is expected 
as the olefin fraction is larger than in the TFE-W solvents.
From 3 isotope effects syn elimination was found to dominate 
over anti by a factor of 4.2. From a product anaysis the yield 
of cyclopentene from cis-l-2d was found to be approximately 25% 
while that from trans-l-2d was about 5%. From g isotope effects 
and product studies it is clear that the cis hydrogen (or deu­
terium) is predominantly eliminated. The g isotope effects 
further suggest that the cis g proton loss is at least partially
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rate determining and Shiner postulates that the mechanism 
involves abstraction of the proton in the tight ion pair by 
the p-bromobenzene sulfonate anion leaving group. Shiner con­
cludes that this mechanism is favored by default in the rela­
tively non-nucleophilic, nonbasic, low dielectric constant 
HFIP-W solvents.
The cyclopentanol product formed from the solvolysis of cyclo- 
pentyl brosylate in 97.5% HFIP-W is 85% inverted with 15% re­
tention of configuration relative to the starting material.
This is a greater degree of retention than that obtained in the 
TFE-W solvents and coupled with the o-d isotope effect suggests 
that the alcohol is formed primarily from the solvent separated 
ion pair. Again, solvent sorting seems to favor inversion but 
by a smaller factor than that found in the TFE-W solvents.
Shiner's work has elucidated the change in reaction mechanism 
for the cyclopentyl brosylate molecule in changing solvents. In 
the transition from 100% ethanol and 70% E-W to 70% TFE-W the 
rate of nucleophilic attack by the solvent is slowed and the 
polarity increases so that the conversion of the tight ion pair 
to the solvent separated ion pair replaces nucleophilic attack 
on the tight ion pair as the rate determining step. In 97.5% 
TFE-W the lower polarity slows the rate and causes syn elim­
ination by the leaving group to become competitive with formation 
of the solvent separated ion pair. In this HFIP-W solvent the 
further decrease in polarity and nucleophilicity effectively 
eliminates conversion to the solvent separated ion pair and in­
ternal elimination from the tight ion pair predominates in the 
reaction.
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This project has been undertaken to study the 2-butenyl 
system, a simple alkyl substituted vinyl cation intermediate.
The two isomers of 2-buten-2-yl triflate as well as those of 
2-buten-2-yl-3-d triflate will be synthesized and their mech­
anistic behavior will be studied via product studies using sol­
vent effects and isotope effects. We intend to add to the 
body of mechanistic information on this simple alkyl substituted 
vinyl system and hence contribute to the understanding of vinyl 
cations in general.
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EXPERIMENTAL
The following molecules were synthesized:
Z- and E-2 buten-2-yl triflate 
Z- and E-2 buten-2-yl-3d triflate
Chemicals used:
1. 2 butyne (99%) Wiley Organics
2. Trifluoromethane sulfonic acid, Fluorad 3M Stock 
Number 98-0211-0036-H
3. 1,8-bis (dimethylamino-napthalene, proton sponge),
Aldrich Co., Inc., Lot number 8313 J.H.
4. Ethyl alcohol, U.S. Industrial Chemicals.
Product studies were run using the following solvents:
80:20 vol:vol % Ethanol-water 
70:30 vol:vol % Ethanol-water 
60:40 vol:vol % Ethanol-water 
97:03 w t :wt % Ethanol-water
Z:E isomers ratios were determined by a Hewlett Packard 
5710A Ionization Gas Chromatograph. A 10% SP1000 (80/100) Su- 
pelcoport 10" x 1/8" J 08434 column was used. Oven temperature 
% 80°.
Separation of the isomers was achieved using a Hewlett 
Packard 5750 Research Chromatograph with injection and detec­
tor temperatures of under 100° C. A 20% SP1000 (80/100) Su- 
pelcoport 10" x 1/4" J 08433 column was used. Oven temperature 
§ 50°.
Product studies were analyzed on a Hewlett Packard 5710A 
Ionization Gas Chromatograph. A 10% THEED 100/120 in Supelco 
chromosorb 10" x 1/8" M 09440 column was used.
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Preparation of 2-buten-2-yl triflate (MGM 1-12):
5.21g (0.098 mole) of 2-butyne was weighed into a 2-neck 
50 ml round bottom flask with magnetic stir bar, dropping 
funnel and pentane thermometer. 2 ml of pentane was added and 
the reaction micture cooled to -30° C in a bromobenzene nitro­
gen bath. 3.0 ml (0.0331 moles) of triflic acid was added to 
the reaction mixture dropwise over a 5-10 minute period. The 
reaction was allowed to stir another 20 minutes. The bath was 
removed and the mixture allowed to warm to a temperature of 0°C. 
The pentane was evaporated off on a rotovac system and the pro­
ducts were distilled on a vaccuum line at 20 min Hg (43-45°C). 
Yield 3.460g (0.0167 moles) 51%. Z:E isomer ratio of 87.99:12.01. 
Separation of isomers gave Z:E ratio of 93.84 : 6.156.
MGM 1-18 (Repeat of MGM 1-12):
5.21g of 2-butyne were used. Yield of 4.230g (0.0205 moles) 
62%. Z:E isomer ratio of 87.34 : 12.34.
Preparation of triflic acid-d (MGM 1-13):
To a dry short-necked round bottom flask we added 36.3g
(0.242 moles) triflic acid and 27.3g (0.192 moles) of phosphor­
ous pentoxide. The flask warms and is stoppered and allowed 
to stand at room temperature for at least three hours. During 
this period, the reaction mixture changes from a slurry to a 
solid mass. The reaction mixture is then distilled at atmos­
pheric pressure, discarding the first few milliliters. The pro­
duct is collected from 82-115° C and is a colorless liquid. To 
the product anhydride is added 3.2g of phosphorous pentoxide for
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every 31.2g of crude anhydride distilled. This step is repeated 
until no fuming of triflic anhydride occurs.
2.9 gram portions of triflic anhydride were sealed in am­
poules with 0.2g of D 2 Q. The ampoules were sealed and shaken 
daily until the mixture became homogenous (3-5 days). The am­
poules were left an additional week at room temperature before 
use.
Preparation of 2-buten-2-yl-3d triflate (MGM 1-14):
The same procedure was used as for MGM 1-12. 5.21 grams
of 2-butyne and 3.0 ml of triflic acid-d gave 2.435g (0.0122 
moles [37%] of product at 20 mm Hg) bp 39-40°C. The Z:E isomer 
ratio was 80.31 : 19.69. The separation of isomers gave Z:E 
ratio of 89.59 : 10.41.
Product Studies: The solvolysis of Z and Z- and E-2-buten-
2-yl triflate as well as of Z and Z- and E-2-buten-2-yl-3d tri­
flate in ethanol-water mixtures of 80:20, 70:30, and 60:40 as 
well as in 97:3 trifluoroethanol:water (wt:wt). (MGM 1-15,
1-17, and 1-19).
0.0010 moles of proton sponge was weighed directly into 
a 10 ml ampoule after which 10 ml of the Etoh/f^O solvent was 
pipeted into the ampoule. 0.0010 moles of 2-buten-2-yl tri­
flate was weighted into the ampoule. The ampoule was sealed 
and placed in a 65° constant temperature bath for four times 
the half life of the starting material.
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Two methods were attempted in the workings and analysis of 
the products:
1) The ampoule was removed from the bath, allowed to cool 
for approximately five minutes and placed in an ice bath for 30 
minutes or until chilled. The ampoule was next opened and 2 ml 
of product was analyzed by Gas Chromatograph at 50° C. The re­
maining contents were emptied into a 25 ml erlenmeyer and a 10 
ml of equal volumes of solvent and cold deionized water were 
added. The contents were swirled. 3 ml of the solvent (as 
used in the reaction) were injected into a "Sep Pack". The 
sample/deionized water mixture were next injected into the "Sep 
Pack". 10 ml of pentane was then injected into the "Sep Pack", 
discarding the first few drops. From this pentane/product 
mixture a second Gas Chromatograph was run at 50°C. Subsequently, 
15 ml of pentane was shot through the "Sep Pack" and collected 
and added to the 10 ml of pentane/product mixture. A third 
Chromatograph was run from this 25 ml collection.
These analyses showed no products and the procedure was 
discarded.
2) In this procedure the sealed ampoule was removed from 
the oil bath and allowed to cool, by standing, to room tempera­
ture. The ampoule was then opened and the products were obser­
ved by Gas Chromatograph on an alcohol retaining THEED column 
at an oven temperature of 80° C. This procedure was used for 
all product studies.
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Results:
Product studies were run at 4 x t, of the Z isomer.
h
The % elimination from each isomer in the H- and d- 2- 
buten-2-yl triflate molecules was calculated as follows: 
2-buten-2-yl triflate:
% Elim(l) = fraction E(% Elim E) + fraction Z(% Elim Z)
% Elim(3) = fraction E(% Elim E) + fraction Z(% Elim Z) 
Solving the two equations simultaneously, one can calcu­
late the percentage of elimination from each isomer of the 
2-buten-2-yl triflate molecule upon solvolysis. 
2-buten-2-yl-3d triflate:
% Elim (2) = fraction E(% Elim E) + fraction Z(% Elim Z) 
% Elim (4) = fraction E(% Elim E) + fraction Z(% Elim Z) 
Solving the two equations simultaneously, one can calcu­
late the percentage of elimination from each isomer of the
2-buten-2-yl-3d triflate molecule upon solvolysis.
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TABLE 5
80% Etoh 70% Etoh 60% Etoh 97% TFE
1) Z&E H 81.89 82.14 75.64 90.00 %E=12.66
80.79 82.92 79.74 88.81 %Z=87.34
91.78
2) Z&E D 63.65 65.80 57.93 74.74 %E=19.69
61.23 67.65 61.81 73.95 %Z=80.31
3) Z H 85.42 86.24 80.48 96.94 %E= 6.16
84.64 88.99 82.32 91.72 %Z=93.84
4) Z D 70.44 71.72 67.28 80.40 %E=10.48
66.88 71.19 62.53   %Z=89.52
1 For 60% and 80%: %E=12.01, %Z=87.99
% Elim. 1 = Fraction E (% Elim. E) + Fraction Z (% Elim. Z)
% Elim. 3 = Fraction E (% Elim. E) + Fraction Z (% Elim. Z)
% Elim. 2 = Fraction E (% Elim. E) + Fraction Z (% Elim. Z)
% Elim. 4 = Fraction E (% Elim. E) + Fraction Z (% Elim. Z)
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TABLE 6
80% Etoh_____ 70% Etoh_____ 60% Etoh_____ 97% TFE
H x 25.39 14.26 21.88 34.61
y 88.98 92.43 85.31 98.25
D x 8.20 21.10 15.97 21.54
y 75.74 77.91 70.63 87.29
x = % Elimination of E isomer 
y = % Elimination of Z isomer
Half life of isomers (hr) at 65°C in the appropriate solvents
80% Etoh_____ 70%_Etoh_____ 60% Etoh_____ 97% TFE
Z 0.94 0.46 0.24 5.60
E 28.70 13.41 7.31 38.50
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Discussion:
Product studies indicate that more substitution is obser­
ved as the fraction of water is increased in the ethanol sol-
52vents. This is consistent with Schleyer's results. For 
the ethanol solvents no significant change in the percentage of 
ketone product is observed. However, a drop in the percentage 
of ketone is apparent as the solvent changes from ethanol to 
the more highly polarized, less nucleophilic trifluoroethanol.
Product studies are consistent with Schleyer's pathway 
given in Figure 3. Since product ratios are not the same from 
each isomer, some inversion must be occurring and the free cation 
is not the only pathway.
In general, it appears that the more nucleophilic, less 
polarizable the solvent, the less elimination is observed. No
clear statement can be made for the ethanol solvents which for
/
80/20, 70/30, and 60/40 % ethanol-water have similar ionizing 
power and a small change in nucleophilicity. Clearly however, 
in changing from 60/40 ethanol-water to 97/3 trifluoroethanol- 
water, a significant decrease in solvent nucleophilicity and an 
increase in solvent ionizing power, more elimination is observed.
No definitive evidence is seen for the greater sensitivity 
to solvent nucleophilicity of the Z isomer with trans g hydro­
gens as opposed to trans 8 alkyl groups. In fact, there appears 
to be a greater sensitivity to changes in solvent nucleophilicity 
in the E isomer than in the Z isomer. Similarly, Schleyer
rates that the Z isomer has a smaller product change in going
53from 50% ethanol to 97% trifluoroethanol than the E isomer.
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The p* of -5.6 is large for the E isomer and indicates a 
stabilizing effect of the $ substitutent trans to the leaving 
group, in this case a methyl group. This is reflected in the 
increased percentage of substitution products and decreased 
percentage of elimination. Apparently, the intermediate is 
stabilized more than that from the Z isomer and allows for nuc­
leophilic attack on the cationic center. Simultaneously, more 
elimination from the Z isomer is observed and the elimination 
process appears to be favored as the solvents become less nu­
cleophilic. This is in agreement with Maness and Turrentine*s 
observation that the electron deficient orbital interacts more 
strongly with the trans substituent, which for the Z isomer is 
a hydrogen atom.^
The Z-D isomer is expected to have more elimination than 
the Z-H isomer as the orbital overlap in the trans-d substituent 
is not as effective as would be expected in the Z-H isomer. 
Therefore one expects the Z-D isomer to solvolyze with more elim­
ination and less substitution. However, this is not observed. 
Stang and coworkers have postulated that a positive polarization 
of the methyl group, rendered electron deficient by hyperconju­
gation, provides an attractive interaction with the incoming 
nucleophile to explain the preference for the Z product in the 
trifluoroacetolysis of 2-butenyl cation. Interestingly, the 
E-D isomer also exhibits less elimination than the E-H isomer. 
Possibly the electron deficient orbital in the transition 
state is interacting with the trans methyl substituent while 
the deuterium provides an attractive interaction with the in­
coming nucleophile.
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Additional studies are needed to more fully understand the 
mechanisms of solvolysis of simple alkyl vinyl systems. Detailed 
investigations of temperature effects, solvent effects, salt ef­
fects, and kinetic rate constants are important parameters which 
can be used to shed light on the solvolytic behavior of vinyl 
cations.
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